Saccharomyces cerevisiae apurinic endonucleases E cochromatographed with activity against a DNA substrate containing urea residues. The urea-recognizing activity of endonuclease E was competitively inhibited by apurinic DNA, and the heat labilities of both activities were the same. The apparent Vmaxs of endonuclease E for both substrates were about the same, while the apparent Km for urea-containing DNA was about threefold greater than that for apurinic DNA. These results were similar to those obtained previously with Escherichia coli exonuclease III (Y. Kow and S. Wallace, Proc. Natl. Acad. Sci. USA 82:8354-8358, 1985) and suggest that the ability to recognize urea residues may be a general property of apurinic endonucleases.
To elucidate the DNA repair mechanisms for damage produced by ionizing radiation and oxidative stress in the yeast Saccharomyces cerevisiae, we have examined the ability of previously isolated (1, 2, 13) apurinic endonucleases to recognize DNA containing urea residues. We have recently shown (8, 10 ) that exonuclease III, the major apurinic enzyme of Escherichia coli, recognizes urea residues that are chemically produced in bacteriophage PM2 DNA. Urea residues are alkali-stable, fragmented residues of thymine that are representative of the end degradation products of thymine hydroperoxide in oxidized DNA (6) . This observation that apurinic endonucleases recognize urea residues may have biological relevance since the major phenotype of E. coli mutants lacking xth-encoded exonuclease III is their sensitivity to hydrogen peroxide (5, 15) and near-UV light (12) .
In this study we report that, like exonuclease III, yeast apurinic endonucleases E and D4 and two crude fractions from DNA agarose chromatography all exhibited activity against a DNA substrate containing urea residues.
MATERIALS AND METHODS
S. cerevisiae and bacterial strains. Phage PM2 and its host Alteromonas espejiana were obtained from H. Grey, Jr., and phage PM2 lysates were prepared as previously described (14) . S. cerevisiae haploid LP98-1D (MATa tup lysi hisS RAO+) was obtained from L. Prakash and grown as previously described (1) .
Other reagents. Agarose and urea were purchased from Bio-Rad Laboratories, Sephadex G-75 was from Pharmacia Fine Chemicals, phosphocellulose was from Whatman, Inc., and osmium tetroxide was from Polyscience, Inc. DNA agarose was prepared as previously described (1).
DNA substrates. Unlabeled and [3H]thymidine (ICN Pharmaceuticals Inc.)-labeled PM2 DNA was prepared as previously described (1) . Apurinic PM2 DNA was prepared by heat-acid treatment with a modification of the method of Lindahl and Andersson (11) . The number of apurinic sites was determined by alkali fluorometry (7) . The heat-acidtreated DNA was ethanol precipitated and suspended in 10 * Corresponding author. mM Tris hydrochloride (pH 8.0). PM2 DNA containing urea residues was prepared by alkali hydrolysis of DNA containing thymine glycols (8) (9) (10) . Thymine glycols were produced in DNA by OS04 oxidation and converted to urea residues by dialyzing overnight against 40 mM KH2PO4-KOH (pH 12.0)-2 mM EDTA. The urea-containing DNA thus obtained was further dialyzed against 10 mM Tris hydrochloride (pH 8.0). We have shown (8, 10 ) that this treatment quantitatively converts thymine glycols to urea residues as measured either chemically or enzymatically.
Endonuclease assays. Reaction assays were performed in 50 mM Tris hydrochloride (pH 8.0)-100 mM KCI-6 mM MgCl2-1 mM 2-mercaptoethanol. With DNA substrates containing urea residues, a 100-ptl reaction mixture containing 500 to 700 ng of DNA was used; with apurinic DNA substrates, a 20-plI reaction mixture containing 200 to 400 ng of DNA was used. After the addition of enzyme, the reaction mixtures were incubated at 30°C for 15 min. With urea-containing DNA, fluorometric assays were performed. In this case, the reactions were terminated with 1.5 ml of a solution containing 20 mM KH2PO4-KOH (pH 11.8)-2 mM EDTA-0.5 ,ug of ethidium bromide per ml. The average number of enzyme-sensitive sites per molecule was estimated as previously described (10) .
With apurinic DNA, assays were performed by agarose gel electrophoresis. The reactions were terminated by adding 5 pul of loading buffer which contained 5% sodium dodecyl sulfate, 30% glycerol, 50 mM EDTA, and 0.05% bromophenol blue. Samples of 10 pd each were loaded onto a 0.85% agarose gel and electrophoresed at 100 V for 4 h. DNA bands were stained with 0.5 p,g of ethidium bromide per ml, and the percent form I DNA was determined by scanning densitometry (model SL-TRFF, densitometer, Biomed Instruments, Inc.).
One unit of enzyme activity was defined as the amount of enzyme required to yield a 1-nmol nick per pug of DNA in 15 min at 30°C.
Enzyme purification. The purification of endonucleases D4 and E has been previously described (1, 2) . Yeast cells were grown with aeration at 30°C to a concentration of 1.4 x 108/ml. The cells were chilled to 4°C and collected by centrifugation at 6,000 rpm for 20 min in a Sorvall G/3 rotor. The cell pellet (80 g) was mixed with an equal volume of Dialyzed fraction 3 (60 ml) was diluted with buffer C to the ionic strength of buffer D (200 mM KH2PO4-KOH [pH 8.0], 1 mM EDTA, 1 mM 2-mercaptoethanol, 100 mM KCl, 10% glycerol) immediately prior to being loaded onto a 40-ml DNA agarose column that was equilibrated with buffer D.
The DNA agarose column was eluted stepwise with 3 Inhibition studies. Various amounts of unlabeled apurinic DNA were used to compete with 3H-labeled PM2 DNA containing urea residues for endonuclease E activity. Time points were taken so that the initial velocity of the reaction could be monitored.
Each time point was analyzed by agarose gel electrophoresis as described above except that the bands were cut and dissolved in 0.2 ml of hot 1 N HCl, followed by the addition of 2 ml of Liquiscint (National Diagnostics) to the melted agarose. Radioactivity was determined in a scintillation counter.
RESULTS
Copurification of activities against apurinic sites and urea residues. S. cerevisiae endonuclease E was purified through fraction 6 (Sephadex gel filtration) as originally described by Armel and Wallace (2) . Activities against both apurinic and urea-containing DNA were assayed simultaneously throughout the purification procedure, and the results are summarized in Table 1 . All three peaks of apurinic activity also showed activity against urea-containing DNA (Fig. 1A) . The most tightly binding peak (fraction 4C) was further chromatographed on phosphocellulose (Fig. 1B) and resolved into two peaks of activity (endonucleases D4 and E) that recognized urea-containing DNA. In this particular chromatography, the apurinic activity of endonuclease D4 was not clearly resolved, but it has been clearly resolved in the past (2) and was resolved at other times during these studies. Endonuclease E was further purified by gel filtration through Sephadex G-75 (Fig. 1C) . Again, the activities against apurinic and urea-containing DNA clearly copurified.
Reaction parameters and heat inactivation studies. To further compare the apurinic and urea-recognizing activities of endonuclease E, the optimal reaction conditions against urea-containing DNA were determined. The salt (KCl) optimum for endonuclease E was 100 to 150 mM; 75% of the activity was lost when the KCI concentration was greater than 300 mM, while no activity was seen in the absence of KCl. The activity of endonuclease E on an apurinic substrate (2) was optimal at 300 mM KCl with only 25% of the optimum activity measured at 100 mM KCl. Endonuclease E activity on urea-containing DNA was stimulated about fourfold by magnesium concentrations between 5 and 15 mM, while activity on apurinic DNA required between 6 and 8 mM magnesium for activity. Both activities showed a pH optimum of around 8.0.
The results of heat inactivation of endonuclease E by using both apurinic and urea-containing DNA substrates are shown in Fig. 2 . The activity against both substrates showed the same heat lability at the various temperatures tested.
Endonuclease E activity on urea-containing DNA appeared to be endonucleolytic, since the number of breaks per molecule observed by agarose gel electrophoresis was quantitatively equal to the number observed by fluorometry (data not shown).
Inhibition studies. To confirm that the recognition of urea fragments by endonuclease E was an activity of the enzyme and not of a contaminant, we measured the ability of unlabeled apurinic DNA to compete with labeled ureacontaining DNA for endonuclease E activity. First, the Kms and Vmaxs (KnPP and VmaPaP respectively) for both substrates were determined ( Table 2 ). The K"PP of the enzyme was about threefold higher for urea-containing DNA than for apurinic DNA, whereas the VamPaP,s for both substrates were similar.
Apurinic DNA was a competitive inhibitor of the activity on urea-containing DNA (Fig. 3) , supporting the idea that both of these activities are properties of the same enzyme. Attempts to measure competition between labeled ureacontaining DNA and unlabeled apurinic DNA for endonuclease E were not successful since substrate inhibition was observed (data not shown). Competitive inhibition of endonuclease E activity on 3H-labeled urea-containing DNA by unlabeled apurinic DNA at the following concentrations (nM): 3 (LOI), 1.5 (0), 0.5 (A), and 0 (V). Analyses were performed as described in Materials and Methods.
DISCUSSION
Endonuclease E of S. cerevisiae was purified through fraction 4 by our previously established protocol (2) . We found that its activity against apurinic DNA copurified with activity against urea-containing DNA throughout all purification steps (Fig. 1) . In fact, the three apurinic endonuclease activities distinguishable by DNA-agarose affinity chromatography, as well as endonuclease D4 (1, 2), also showed activity on urea-containing DNA. The urea-recognizing activity of endonuclease E did not appear to -be caused by a contaminant, since apurinic DNA was a competitive inhibitor of the reaction (Fig. 3) . Furthermore, the temperature labilities of both activities were the same (Fig. 2) . Neither endonuclease E nor the other yeast apurinic activities identified recognized DNA containing thymine glycols (unpublished observations).
The Vmaxapps of endonuclease E for both substrates were about the same, whereas the KmaPP for urea-containing DNA was about threefold greater than that for apurinic DNA ( Table 2 ). The salt and magnesium optima for the two substrates showed some differences, possibly reflecting differences in reaction mechanisms.
We have previously shown that the major apurinic activity in Escherichia coli, exonuclease III, is able to incise a DNA substrate containing urea residues (10) . Furthermore, 4~X duplex transfecting DNA containing urea residues was inactiVated at a greater rate in xth mutants lacking exonuclease III than in wild-type cells (M. Laspia, L. Petrullo, and S.
Wallace, manuscript in preparation), supporting a biological role for this activity. Thus, the ability to recognize urea residues in DNA may be a general property of apurinic endonucleases, an activity distinguishable from the urea-DNA glycosylases (3, 4) . This function may aid in the ability of cells to cope with DNA damage produced by oxidative stress.
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